Background
Gastric cancer (GC) is the second most prevalent cancer and the third leading cause of cancer-related death in China. The incidence of GC was 30.77/100,000 in 2010, accounting for 13.08% of all cancers in China [1] . Although targeted therapy and immunotherapy have developed rapidly, chemotherapy is still the most effective treatment for advanced GC patients.
Angiogenesis plays an important role in the development of cancer. Vascular endothelial growth factor (VEGF), a key factor in the angiogenesis process, promotes tumor survival, migration, and invasion. Bevacizumab is the first FDA-approved anti-angiogenic agent and takes effect by specifically binding to VEGF-A. Although bevacizumab is associated with significantly longer progression-free survival and a higher overall response rate versus placebo, the difference in overall survival (OS) is not statistically significant [2] . Further evaluation has found that plasma VEGF-A is a biomarker candidate for predicting the clinical outcomes of patients with advanced GC treated with bevacizumab [3] . Most recently, the anti-VEGF receptor 2 drug ramucirumab has been reported to improve survival both as a single agent relative to best supportive care and as a combination therapy with paclitaxel relative to paclitaxel alone in pretreated patients [4, 5] . The addition of anti-angiogenic drugs to chemotherapy is a promising approach, even though the improvement in survival is small. However, identifying anti-angiogenic therapy-sensitive patients remains challenging for oncologists.
By binding to granulocyte colony-stimulating factor (G-CSF) receptor (G-CSFR), G-CSF stimulates granulocyte production and neutrophil differentiation and mobilization [6] . Recombinant human G-CSF (rhG-CSF) is widely used for chemotherapy-induced leukopenia. Recent studies in vitro have demonstrated that G-CSF can be produced by carcinoma cells and tumor stromal myofibroblasts [7] . Moreover, G-CSF may induce tumor proliferation, migration, and angiogenesis [8] [9] [10] . In many cases, G-CSF-producing tumors are detected at an advanced stage and are associated with a poor prognosis [11, 12] . G-CSF expression has shown a strong correlation with resistance to anti-VEGF treatment [13] . Treatment with anti-G-CSF monoclonal antibody results in reduced tumor angiogenesis and growth [13] . Thus, G-CSF might be a potential biomarker for prognosis and anti-angiogenic drug efficacy. However, the mechanism underlying the effects of G-CSF on GC development remain to be elucidated.
To explore the role of G-CSF and G-CSFR in GC development, we examined the expression levels of G-CSF and G-CSFR in cancer and adjacent mucosa tissues and investigated the associations with clinicopathology, VEGF-A expression, and patient survival. In addition, we elucidated the effects of G-CSF on GC in vitro.
Material and Methods

Human samples
Paraffin-embedded cancer samples from 70 GC patients were collected in the Fourth Hospital of Hebei Medical University. These patients underwent surgery from August 2013 to December 2013. Another group of GC samples and adjacent mucosa (at least 5 cm away from the edge of tumor) samples from an additional 40 patients diagnosed with GC was collected from April-August 2014 in the same hospital. None of these patients had received chemotherapy or radiotherapy before surgical tumor resection. Follow-up data were obtained by phone.
Fresh tissues were collected immediately after surgical removal, frozen in liquid nitrogen, and stored at -80°C.
The histomorphology of the specimens was confirmed by the Department of Pathology at the same hospital. Staging procedures included physical examinations, blood tests, and chest and abdominal computed tomography (CT). Radioisotopic bone scans and brain CT scans were also performed when necessary. Tumor-node-metastasis (TNM) staging was based on surgical and histological findings, according to the American Joint Committee on Cancer (AJCC) 7 th edition.
Immunohistochemistry
Streptavidin-peroxidase immunohistochemistry was used to detect the expression of G-CSF, G-CSFR, and VEGF-A in 4-µm thick paraffin-embedded tissues. High temperature and the pressure antigen retrieval method with citrate antigen retrieval buffer were used for antigen retrieval. Sections were incubated with anti-G-CSF (1: 15, BIOBASIC, China), anti-G-CSFR (1: 15, BIOBASIC, China), and anti-VEGF-A (1: 50, BIOSS, China) polyclonal rabbit antibodies or with PBS instead of a primary antibody as the negative control for 60 min at room temperature. Then, the PBS solution was removed, 50 µL of MaxVisionTM2 reagent was added dropwise to the sections, and the sections were incubated at room temperature for 15 min. The PBS solution was removed, and the sections were stained with diaminobenzidine.
Enzyme-linked immunosorbent assay
The concentrations of G-CSF, G-CSFR, and VEGF-A in the tissue homogenates were measured with ELISA kits (BLUE GENE, China) according to the manufacturer's instructions. All experiments were performed in triplicate.
Cell lines and cell culture
Gastric cell lines (including AGS, MGC-803, BGC-823, and SGC-7901) were cultured. As SGC-7901 had the highest G-CSFR expression (data not shown), this cell line was chosen for subsequent studies. SGC7901 cells were cultured in RPMI 1640 with 10% fetal bovine serum (HyClone, USA) and maintained in a humidified atmosphere with 5% CO 2 at 37°C. Human umbilical vein endothelial cells (HUVECs) were obtained from ScienCell and maintained in Endothelial Cell Medium (ScienCell, no. 1001). Prior to stimulation with G-CSF, cells were incubated in serum-free medium for 24 hours.
Western blotting
Cells were lysed in RIPA lysis buffer (Solarbio, China), and the lysates were harvested by centrifugation at 12 000 rpm for 15 min at 4°C. Protein concentrations were determined with bicinchoninic acid (BCA) protein assays (Thermo, USA). Equal amounts of protein were electrophoresed on 10% SDS-PAGE gels and transferred onto PVDF membranes (Millipore, MA, USA). Membranes were blocked with 5% dry milk in TTBS for 2 hours at room temperature and incubated overnight at 4°C with primary antibodies. The membranes were then incubated with secondary antibody at room temperature for 1 hour, and the Odyssey 2-color infrared fluorescence scanning system (LI-COR, Biosciences, USA) was used for imaging and analysis.
Real-time (RT) PCR
Total RNA was extracted with TRIzol (Invitrogen, USA), and 1 μg of RNA was subjected to reverse transcription using a firststrand cDNA synthesis kit (Promega, USA) according to the manufacturer's instructions. Real-time PCR analysis was performed with the ABI 7500 FAST system, using the Platinum A6001 GoTaq ® qRT-PCR Master Mix Kit (Promega, USA), according to the manufacturer's instructions. To amplify the G-CSFR transcripts, we used the primer pairs 5'-ATAAGTTTGTCGTCTTTTCACA-3' (sense) and 5'-GGAGGTTCTGTCTCTGACC-3' (antisense). The 2 -DDCT method was applied to analyze the relative mRNA expression levels.
Cell proliferation assay
Cell proliferation assays were performed with the Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) assay according to the manufacturer's recommendations. After incubations of SGC7901 cells with rhG-CSF at various concentrations (0, 10, 50, and 100 ng/mL) for different times (24, 48, 72 , and 96 hour), CCK-8 solution was added (10 μL/well) to the cells, and the cells were incubated for 2 hours at 37°C. The absorbance was measure at 450 nm to quantify the relative cell density. All groups were evaluated with a minimum of 4 separate wells per experiment.
Wound healing assay
Cells (5×10 5 ) were seeded in 24-well plates. When the cell confluence reached above 80%, scratch-wounds were made by scraping the cell layer with the tip of a 200-μL pipette. Cells were washed with PBS and incubated with 0 or 50 ng/mL rhG-CSF. Phase-contrast microscopic images were obtained at 0, 12, and 24 hours after incubation, and the migration distance was measured. The experiments were performed in triplicate.
Transwell invasion assay
Transwell invasion assays were performed using 24-well Transwell plates (Corning Costar, USA). The 24-well plates with 8.0-μm pores were coated with Matrigel (BD Biosciences, USA). SGC7901 cells were seeded into the upper membrane chambers at a density of 1 x 10 5 /mL in serum-free medium with or without rhG-CSF (50 ng/mL), and 600 μL of medium containing 10% FBS was added to each lower chamber. After incubation for 20 hours, cells adhering to the upper surfaces of the membranes were removed with a cotton swab. The migrated cells, which adhered to the lower surfaces, were stained with crystal violet. The numbers of migrated cells were determined from 5 randomly chosen fields under an inverted microscope. Data were obtained from 3 independent experiments.
Tube formation assay
Matrigel solution was thawed overnight at 4°C, and all plasticware was precooled at -20°C. HUVECs that were resuspended in Endothelial Cell Medium with rhG-CSF at 0 ng/mL, 10 ng/mL, 50 ng/mL and 100 ng/mL were seeded onto growth factor-reduced Matrigel (250 μL/well) in a 24-well tissue culture-treated plate. The 24-well plate was incubated at 37°C in 5% CO 2 for 12 hours. Images were obtained with randomly chosen fields in each well at 100x magnification. For quantitative analysis, the length of endothelial network formation in each image was calculated with Image-Pro Plus 6.0 (Media Cybernetics, Inc., USA). All experiments were performed in quadruplicate, and the data are expressed as the length of the network (mean length/field).
Statistical analysis
All statistical analyses were performed using SPSS 21.0 software. Correlations of protein expression with immunohistochemistry and clinicopathologic parameters were evaluated with c 2 tests or Fisher's exact probability tests. The expression levels of indicated factors in the different groups were compared with the Mann-Whitney test or Kruskal-Wallis test. Cancer and normal tissues were compared as 2 related samples with the Wilcoxon signed-rank test. The Spearman rank correlation test was employed for correlation analysis. The follow-up time was calculated from the date of surgery to the date of death or last known follow-up. Kaplan-Meier analysis was performed to evaluate survival. Statistically significant differences were defined as comparisons with P£0.05.
Results
G-CSF and G-CSFR expression in human GC and adjacent mucosa
Although G-CSF and G-CSFR are reportedly expressed in various tumor cell types in vitro [7] [8] [9] 14] , the expression levels of G-CSF and G-CSFR in GC are unknown. Thus, immunohistochemistry was performed to detect the expression of G-CSF and G-CSFR in GC tissues collected from patients. The results showed that G-CSF and G-CSFR were expressed at the GC cell membrane and cytoplasm and in some tumor tissue-infiltrating lymphocytes ( Figure 1A) . A total of 85.7% (60 out of 70) of the cancer tissues showed strong G-CSFR staining, and 28.6% (20 out of 70) of the cancer tissues showed strong G-CSF staining. No negative expression was observed. There was a significant correlation between G-CSF and G-CSFR expression in the GC tissues (P=0.031).
Furthermore, we used ELISA to measure the expression levels of G-CSF and G-CSFR in pairs of tumor tissues and their matched adjacent normal mucosa from 40 patients. A total of 50% (20 out of 40) of the patients had higher G-CSF levels in their cancer tissues than in their normal mucosa tissues, and 65% (26 out of 40) of the patients had higher G-CSFR levels in their cancer tissue. The G-CSFR concentration (944.7±1944.6 pg/mL) was significantly higher in the GC tissues than in the normal mucosa tissues (537.6±273.6 pg/mL, P=0.045), whereas the G-CSF concentrations were not significantly different (cancer 182.5±367.4 pg/mL vs. normal 119.1±127.4 pg/mL) (P=0.988) ( Figure 1B) . The expression levels of G-CSF and G-CSFR were significantly correlated in both the cancer tissues and normal tissues (P<0.001), which was consistent with the immunohistochemistry assessment, indicating cooperation between these 2 factors.
Correlation between G-CSF/G-CSFR expression and clinical pathology
To explore the expression of G-CSF and G-CSFR in tumors of different primary tumor (T), node (N), and metastasis (M) stages, we analyzed the G-CSF/G-CSFR expression intensity in tumors with different clinical pathologies.
In the immunohistochemistry analysis, G-CSF was significantly associated with TNM staging (P=0.028), while G-CSFR showed a strong association with lymph node metastasis (P=0.018) ( Table 1) . Although the concentrations of G-CSF and G-CSFR by ELISA were upregulated from stages I to III but unexpectedly downregulated in stage IV, no obvious differences were evident among the different TNM stages ( Figure 1C ). Because patients with stage IV GC rarely undergo surgery, only 2 and 4 specimens were available for immunohistochemistry and ELISA, respectively, in our study. All of these patients had peritoneal metastases that were first discovered during surgery. Thus, whether G-CSF/G-CSFR really decreases in stage IV GC cancer tissues needs further exploration.
Tumor markers can be produced directly by tumor or non-tumor cells as a response to tumor presence. Sometimes the levels of the tumor markers are in accordance with the tumor burden. Therefore, we assessed the serum levels of CA724, CEA, CA199, and CA50 and found that the G-CSF levels in GC tissues were significantly correlated with the CA724 levels (P=0.026), indicating that serum CA724 may be a predictor of the G-CSF level in GC cancer tissue.
G-CSF and G-CSFR are predictors of poor survival for GC patients
The TNM staging system is often used to estimate patient survival. Because the G-CSF and G-CSFR levels were higher in the advanced TNM stage in our study, we hypothesized that G-CSF and G-CSFR could be used to estimate patient survival. To test this hypothesis, the 70 patients involved in our immunohistochemistry analysis were followed up for up to 4 years. The mortality rate of the patients with high G-CSF expression was significantly higher than that of the patients with low G-CSF expression (45% vs. 18%, P=0.023), and the same trend was evident for G-CSFR (30% vs. 0%, P=0.04). The 40 patients involved in the ELISA analysis were also monitored for up to 3 years. The G-CSF level was 376.9±634.3 pg/mL in patients who had died and 117.7±189.8 pg/mL in patients who had survived (P=0.029). The G-CSFR level was 1888.2±3830.5 pg/mL in patients who had died and 630.2 ± 349.8 pg/mL in patients who had survived (P=0.086). The VEGF-A level was 40.6±23.2 pg/mL in patients who had died and 29.6±23.3 pg/mL in patients who had survived (P=0.148) (Figure 2A) . Therefore, one can predict that patients with high G-CSF expression in their GC tissues may have unfavorable outcomes. Consistent findings were observed by Kaplan-Meier analysis, which was used to evaluate the OS of the patients. The patients with high G-CSF in their GC tissue had significantly worse OS than the patients with low G-CSF (P=0.006) ( Figure 2B ). The results indicated that G-CSF expression in GC tissue is a predictor of poor prognosis.
G-CSF induces GC cell proliferation and migration
G-CSF correlation with TNM staging and OS suggests that G-CSF may promote tumor development. To explore the effect of G-CSF on cancer development, GC cells (SGC7901) were cultured, and Western blotting and CCK8 assays were performed to examine whether G-CSF could promote GC cell proliferation. As shown in Figure 3A , PCNA levels markedly increased in a dose-dependent manner in the GC cells after G-CSF treatment. CCK8 analysis also showed that G-CSF induced cell proliferation ( Figure 3B ).
Wound healing assays were performed to determine the effects of G-CSF on GC cell migration. As shown in Figure 3C , wound healing was significantly more rapid for the G-CSF-stimulated cells than for the untreated cells. Transwell migration assays were also performed and showed that G-CSF significantly promoted GC cell invasion ( Figure 3D ).
G-CSF induces proliferation and migration through JAK2/ STAT3 signaling
To elucidate the molecular mechanisms of the G-CSF-induced SGC7901 cell proliferation and migration, further experiments were conducted to explore the signaling pathway through which G-CSF promoted cell proliferation and migration.
We examined several signaling pathways (data not shown) and found that G-CSF could induce activator of transcription (STAT)3 phosphorylation and upregulate Janus kinase (JAK)2 expression in SGC7901 cells ( Figure 3E ). To further determine whether the stimulation of phospho-STAT3 and JAK2 occurred due to G-CSF binding to G-CSFR. SGC7901 cells were incubated with an antibody against G-CSFR (1 μg/mL) for 6 hours and then stimulated with G-CSF, as described previously [8] . Figure 3E shows that G-CSF-induced phospho-STAT3 and JAK2 upregulation was inhibited by the anti-G-CSFR antibody. These data indicate that G-CSF may induce GC proliferation through the JAK2/STAT3 signaling pathway.
Exogenic G-CSF promotes G-CSFR expression
Because we found that G-CSF was strongly correlated with G-CSFR in GC tissues, we asked whether G-CSF could promote G-CSFR expression. After incubations of SGC7901 cells with G-CSF (50 ng/mL) for 96 hours, RT-PCR and Western blotting analyses showed that G-CSFR expression was dramatically upregulated ( Figure 4 ). This result suggested that exogenic G-CSF could stimulate G-CSFR expression in tumor cells. As G-CSFR contains 2 motifs (box1 and box2) that are essential for the activation of JAK2 [15] , G-CSFR may be the intermediate factor between G-CSF and JAK2/STAT3 activation.
G-CSF promotes angiogenesis
Previous in vitro and in vivo analyses have shown that G-CSF can stimulate neutrophils to secrete VEGF, a factor that plays an important role in angiogenesis, and consequently promote angiogenesis [16] . Therefore, we performed experiments to determine whether G-CSF was associated with VEGF-A expression and angiogenesis in GC tissues. From TNM stages I to IV, VEGF-A expression was upregulated, showed no significant differences among the different TNM stages ( Figure 5A ) and was strongly associated with G-CSFR (P=0.001) but not with G-CSF (P=0.468) ( Figure 5B ). The immunohistochemistry analysis showed that VEGF-A expression was also significantly associated with G-CSFR but not with G-CSF ( Table 2 ). We subsequently found that G-CSF stimulation could not induce VEGF-A expression in SGC7901 cells (data not shown). These results indicated that G-CSFR upregulation was associated with increased VEGF-A expression in GC tissues, but VEGF-A expression was not stimulated directly by G-CSF in tumor cells.
To examine whether G-CSF could directly stimulate endothelial tubule formation in vitro, tube formation assays were performed. After incubations of HUVECs with G-CSF, tube formation was gradually enhanced in a concentration-dependent manner ( Figure 5C ). These results suggest that, in tumors, G-CSF can facilitate angiogenesis by promoting tube formation directly and VEGF-A expression indirectly. Table 2 . Correlation between G-CSF/G-CSFR and VEGF.
Taken together, our results indicate that G-CSF can promote GC cell proliferation and migration through the JAK2/STAT3 signaling pathway and stimulate angiogenesis, which may lead to the poor survival of GC patients.
Discussion
G-CSF is a glycoprotein that stimulates bone marrow to produce granulocytes and stem cells and release them into the bloodstream. G-CSF also stimulates the survival, proliferation, and differentiation of neutrophil precursors and mature neutrophils. G-CSFR, which belongs to the class I cytokine (or hematopoietin) receptor superfamily, is a single transmembrane protein and a cell-surface receptor for the G-CSF [15] . Studies over the past decade have focused on the different functions of G-CSF/G-CSFR, such as tumor growth, angiogenesis and pain alleviation [7, 10, 13, 17] . G-CSF/G-CSFR expression has been detected in many kinds of malignant tumors, such as ovarian, uterine, cervical, and colorectal cancers and glioma [7] [8] [9] 12] . In our study, G-CSF/G-CSFR expression was widely detected in GC tissues and normal gastric mucosa. The protein levels of G-CSF and G-CSFR were upregulated from stage I to III but downregulated in stage IV. This result was similar to that observed in the study by Morris KT et al., in which stage III samples exhibited significantly higher mRNA expression of G-CSF and G-CSFR than did stage II and IV samples [7] . Whether this change is due to cancer development or due to the small sample size requires further study.
rhG-CSF is widely used to accelerate recovery from neutropenia after chemotherapy. As shown in this study, rhG-CSF can upregulate G-CSFR, which is significantly correlated with lymph node metastasis. Thus, further investigations are needed to determine whether the current practice of using rhG-CSF after chemotherapy reduces drug effects by upregulating tumor G-CSFR and promoting G-CSFR-positive tumor development.
Following GC worsening, G-CSF/G-CSFR expression is upregulated. GC patients with high G-CSF expression have shorter OS times, indicating that G-CSF is a potential predictor of poor prognosis for GC. As the receptor of G-CSF, G-CSFR stimulates numerous signal transduction proteins, including JAK/STAT, mitogen-activated protein kinases (MAPKs), and serine/threonine kinases (Akt) [18] . The JAK2/STAT3 pathway stimulated by G-CSF is the most studied pathway in tumor cells. G-CSF can induce STAT3 phosphorylation, which can be inhibited by either an antibody against phospho-STAT3 and a JAK2 inhibitor [9] or an antibody against G-CSFR [8] . The proliferation of different human neuroblastoma cell lines can be markedly inhibited by low levels of STAT3 dimerization inhibitor, and G-CSF-positive cells are more sensitive to this inhibition than are G-CSF-negative cells [19] . Inhibiting phospho-STAT3 or JAK2 can block the G-CSFinduced migration of ovarian cancer cells [9] . We found that by binding to G-CSFR, G-CSF stimulated STAT3 phosphorylation and JAK2 upregulation, which might promote GC cell proliferation and migration. G-CSFR expression showed a strong correlation with lymph node metastasis, indicating that G-CSFR upregulation may promote cancer metastasis.
Angiogenesis plays an important role in tumor survival and metastasis. G-CSF can improve the mobilization and angiogenesis of endothelial progenitor cells by stimulating VEGF secretion from neutrophils [16] . Anti-VEGF therapy combined with anti-G-CSF therapy can reduce tumor growth compared with anti-VEGF monotherapy [13] . In our study, G-CSFR was strongly associated with VEGF-A expression in GC tissues. VEGF-A can intensely promote HUVEC proliferation, migration, and endothelial network formation [20, 21] . Therefore, G-CSFR upregulation in cancer tissues may promote angiogenesis by stimulating VEGF-A secretion. Although G-CSF could not directly induce VEGF-A secretion in GC cells (data not shown), we found that G-CSF still promoted endothelial network formation. Therefore, G-CSF and G-CSFR may play important roles in tumor angiogenesis.
The addition of anti-angiogenic drugs to chemotherapy shows some survival benefit for GC patients, but the efficacy of this approach is limited [2, 4, 5] . Methods for identifying patients who would benefit from the combination treatment need to 1710 be explored. G-CSF can promote tumor angiogenesis and reduce the effects of anti-VEGF treatment in tumors [13] . High G-CSF levels in GC tissues may predict resistance to anti-angiogenic therapy. In our study, the tissue levels of G-CSF were significantly associated with the serum levels of CA724, the concentration of which in GC is usually used to evaluate disease severity and treatment effects [22] [23] [24] [25] . Because serum CA724 is easily obtained, CA724 may be a candidate predictor of the efficacy of anti-angiogenic therapy for GC.
Conclusions
In summary, G-CSF accelerates GC development by promoting cell proliferation, migration, and angiogenesis through the JAK2/STAT3 signaling pathway, ultimately leading to worse survival outcomes for patients. Considering that rhG-CSF is frequently used after chemotherapy, whether this treatment contributes to tumor development by increasing proliferation, migration, and angiogenesis, thereby shortening the survival time of patients, requires further study.
